Three distinct zones were observed along the ion traveling direction in U-7Mo irradiated with 84 MeV Xe ions at 350 C.
Introduction
U-Mo alloys (with 7e10 wt% Mo) with a low U-235 enrichment (<20%) have been developed to be used in high-performance research and test reactors, replacing the current highly enriched uranium (HEU) fuels [1] . A number of in-pile irradiation tests of UMo fuels [2e5] show that drastic microstructural changes occurred in U-Mo during reactor irradiation, including formation of a high density of fission gas bubbles and irradiation-induced recrystallization. Accumulation of fission gas bubbles is the main cause of total fuel swelling [6] , and the recrystallization process may lead to the observed accelerated fuel swelling at high burnup [7] . Because fuel performance is closely related to the microstructural evolution during irradiation, many efforts have been made aiming to understand the underlying mechanisms of these microstructural changes. Heavy ion irradiation has been employed as a useful tool to investigate separate effects of the irradiation behavior of U-Mo fuels [8e11] . High-energy iodine or xenon ions were implanted into U-Mo/Al samples to simulate irradiation damage generated by fission fragment bombardment. Most of the results reported from these studies focused on the irradiation-induced interdiffusion behavior between U-Mo and Al, an important factor limiting U-Mo/ Al dispersion fuel performance [12] . For example Chiang et al. described the evidence of amorphous interdiffusion layer observed in heavy ion irradiated U-8wt%Mo/Al interfaces in Ref. [10] .
Detailed information of the depth distribution of the microstructural features in U-Mo has not been described. The defect microstructure as a function of irradiation damage is imperative to gain a deep understanding of the radiation effects in nuclear fuels in reactors. Particularly, this information is of great interest for developing theoretical models to describe the microstructure evolution process in U-Mo fuels.
This study used transmission electron microscopy (TEM) to investigate microstructural effects in Xe-ion-implanted U-7wt%Mo (denoted as U-7Mo) alloy. The same method was applied to study the depth profile of damage accumulation in heavy-ion-irradiated UO 2 fuels [13] . In addition to the TEM characterizations, the irradiated materials were also characterized using synchrotron radiation X-rays. The results are consistent with this study and will be summarized separately. The irradiation details were described in a previous paper [11] . Fig. 1 outlines the sample configuration and preparation procedure before irradiation. Fig. 1(a) and (b) show that a 1.7-mm-diameter disk is punched out from a U-Mo/Al dispersion fuel plate. The fueled zone is composed of U-7Mo fuel particles in an Al matrix. Before irradiation, one side of the Al cladding was polished away to expose the fueled zone, as illustrated in Fig. 1(c) . Multiple samples in the same configuration were irradiated with a defocused Gaussian Xe beam at the ATLAS accelerator at Argonne National Laboratory (ANL). The ion source was 84-MeV Xe ions that was selected for two reasons: (1) to simulate the irradiation response of the fuel to fission fragment bombardments, and (2) to study fission gas behavior, as fission gas bubble formation and growth is the primary cause of U-Mo fuel swelling [6, 7] . The final doses achieved in the irradiation varied in a range of 1.8e2.9 Â 10 17 ions/cm 2 , depending on sample location. The ionirradiated samples were first characterized with scanning electron microscopy (SEM); the results have been reported earlier [11] . However, the resolution of the SEM technique was not high enough to reveal the sub-micron damage structures in the irradiated material. In this work, detailed TEM/STEM (scanning transmission electron microscopy) was, therefore, performed to obtain structural and chemical information of heavy-ion-irradiated U-Mo on sample cross sections at nano and atomic scale.
Experimental details
After irradiation, TEM lamellas were prepared using the focused ion beam (FIB) technique from samples irradiated to a dose of 1.8 Â 10 17 , 2.6 Â 10 17 , and 2.9 Â 10 17 ions/cm 2 respectively. Table 1 provides the irradiation parameters of the TEM samples analyzed in this work. FIB is the most viable way to prepare samples for crosssection TEM observation in this work, because it allows precise selection of interested region which is only a few microns below the sample surface. The Xe ion distribution in U-7Mo, shown in Fig. 2 , was calculated with SRIM2008 [14] using the "ion distribution and quick calculation of damage" option with a displacement energy of 50 eV and 25 eV for U and Mo, respectively. According to the calculation, the 84 MeV Xe ions have a penetration depth of~6 mm, with peak deposition occurring 4.5 mm away from the surface. In order to encompass the entire interested range, TEM samples were created at least 10 mm in depth from the sample surface. The TEM samples were lifted out from the center of U-Mo particles to avoid the Al matrix. TEM characterization was carried out using either a Hitachi-9000 system at 300 kV at ANL or a 300-kV FEI Tecnai TF30-FEG STEM at Center for Advanced Energy Studies (CAES). 2) Zone B (depth is 1.3e4.7 mm) consists solely of Xe-implanted UMo; 3) Zone C comprises the U-Mo beyond the ion penetration depth.
Results

U-
The detailed microstructure of the area marked with "A" in Fig. 3 is presented in Fig. 4(a) , from which the grain size of the polycrystalline reaction product is estimated to be 50e200 nm. The composition of the reaction product in zone A is (U,Mo)Al x with an x value ranging from 3.5 to 7.3 [11] . In order to identify the phase composition of the reaction product, the intensity variation of the diffraction rings across the diffraction pattern (inset) taken from the same area was plotted in Fig. 4 (b) with ImageJ [15] . The indexing results show that the major phases existing in the area are UAl 3 and UAl 4 , consistent with X-ray powder diffraction (XRD) measurement results on U-Mo/Al dispersion fuels irradiated with high-energy iodine ions [8] .
Large gas bubbles (10e150 nm in diameter) were seen in zone B
in Fig. 3 . These bubbles formed in the region that is~4e5.5 mm from the surface. The location of the large bubbles corresponds with the region of greatest Xe ion deposition estimated with SRIM ( Fig. 2) . Both the size and the linear arrangement of the large bubbles suggest that they are intergranular bubbles. The facts that the grains delineated by these SEM-observable bubbles are much smaller than the original cell structures (sub-micron vs. a few microns) and were only observed in irradiated areas signify that these are new grains formed through irradiation-induced recrystallization.
In addition to the bubbles on grain boundaries, high-density bubbles in a size of a few nanometers exist within fuel grains in zone B. A much higher magnification view of the marked region "B" is provided in Fig. 5 . Fig. 5 (a) and (b) are a set of bright-field TEM images taken at over-focus and under-focus conditions, respectively. The opposite contrast of the high-density nano-size features shown in Fig. 5 (a) and (b) demonstrates that they are gas bubbles [16]. For the purpose of quantitative analysis, high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images taken at various depths were used for size measurement, because the contrast of the gas bubbles compared to its surrounding area is much stronger, making it more suitable for quantitative measurements than conventional TEM images. The density and average size of the intra-granular bubbles as a function of distance from the surface is depicted in Fig. 6 . For each data point of bubble size in Fig. 6 , at least 600 gas bubbles were sampled. Local sample thickness was measured with electron energy loss spectroscopy (EELS). Bubble volume density can therefore be estimated using areal density and measured thickness.
No gas bubbles were found less than 3 mm distance from the surface. SRIM calculation predicts very low gas deposition in this range, which is too low to form gas bubbles. Most of the gas atoms deposited in this range dissolved in the U-Mo lattice. The measurement data show that the variation of average intra-granular bubble size is small across the bubble formation region (3e5.5 mm from the surface). The average bubble size is~4.5 nm in diameter, close to the reported intra-granular bubble size in the inpile-irradiated U-Mo fuels [17e19]. The intra-granular bubble density shows a slight increase at a distance 3e4 mm from the surface and a decline~5 mm from the surface. The increase of gas bubble density corresponds to the increase of deposited gas concentration, and the reduced bubble density and slightly larger bubble sizes near the peak position of Xe ion concentration is due to the coalescence of the intra-granular bubbles. (the main diffraction spots), a certain amount of secondary-phase material exists in the sample. Indexing of the SAD pattern reveals that the ring pattern belongs to UO 2 , which likely formed during sample preparation and storage, and the weak diffraction spots are from a-U precipitates. Fig. 7(c) shows a TEM dark-field image using the diffraction spots marked in Fig. 7(b) . The a-U precipitates in one particular orientation show bright contrast.
In order to verify whether the a-U precipitates formed during ion irradiation, TEM examination was also performed on a reference sample, which was prepared from the same plate as the specimen shown in Fig. 3 . The bright-field (BF) TEM micrograph ( Fig. 8(a) ) clearly shows that dense secondary-phase precipitates exist near cell boundaries in the unirradiated sample, and the scattered weak diffraction spots in Fig. 8(b) also confirm those secondary-phase precipitates are a-phase U. The cellular structure in U-Mo particles formed during the atomization process of U-Mo particles due to rapid solidification of the melt U-Mo [20e24].
Microstructure of U-Mo irradiated at lower doses
TEM specimens prepared from samples irradiated to lower doses were examined as well. Low-magnification overviews of the samples irradiated to 2.6 Â 10 17 ions/cm 2 and 1.8 Â 10 17 ions/cm 2 are shown in Fig. 9 (a) and (c) respectively, and their magnified views are presented in Fig. 9 (b) and (d). For the purpose of comparison, images taken at the same magnification were arranged side by side in Fig. 9 . These micrographs were taken using HAADF STEM. The intensity of HAADF images is approximately proportional to Z 2 (atomic number) times sample thickness and has little or no diffraction sensitivity. Correspondingly, gas bubbles have a darker contrast compared to the surrounding material, and denser materials have brighter contrast. Comparison of the two samples irradiated to a lower dose with the sample irradiated to 2.9 Â 10 17 ions/cm 2 ( Fig. 3) , the same three distinct microstructure zones along the depth direction are observed. Moreover, the depth of the large bubble formation region is consistent among all three samples. The microstructures of the sample irradiated to 2.6 Â 10 17 ions/cm 2 ( Fig. 9(a) ) and the sample irradiated to 2.9 Â 10 17 ions/cm 2 ( Fig. 3) are especially alike because of their similar irradiation doses. However, the sample irradiated to 1.8 Â 10 17 ions/cm 2 exhibits noticeable differences in microstructure. The main differences are listed below.
1) The intergranular gas bubbles formed in this sample are less than 40 nm, versus a few hundred nanometers in the other two samples.
2) The intergranular gas bubbles aggregate in dense groups near the original grain boundaries (shown in Fig. 9(c) ), in contrast to the spread of gas bubbles along the sub-micron grain boundaries in the other samples. Since all three samples were prepared from the same initial material, the difference in intergranular bubble morphology indicates that grain subdivision developed at a dose between 1.8 Â 10 17 ions/cm 2 and 2.6 Â 10 17 ions/cm 2 .
3) Phase reversal was incomplete in the sample irradiated to 1.8 Â 10 17 ions/cm 2 , which is evidenced by a significant amount of a-U precipitates, for example the ones indicated with triangles in Fig. 9(d) , remaining in the region of large gas bubbles.
The reason may be due to insufficient irradiation damage.
Examination of the sample irradiated to 1.8 Â 10 17 ions/cm 2 provided evidence of the initiation of recrystallization. Fig. 10(a) , taken from Zone C in Fig. 9(c) , depicts the representative microstructure of an unirradiated cell boundary area. The observation of fine a-U platelets clustered around cell boundaries, displayed in Fig. 10(a) , suggests that the a-U particles are the Widmanst€ atten alpha structure, typically developed during quite short holding times at high temperatures [25] . On the contrary, no a-U particle was found in the cell boundary area shown in Fig. 10(b) , but subgrain-like structures approximately a few hundred nanometers were observed, indicative of recrystallization. This area is located in Zone B before the Xe concentration peak, and the damage level is estimated to be 600e700 dpa. Three subgrain-like structures were outlined and labeled in Fig. 10(b) to show the possible recrystallized structure in the irradiated grain boundary area. Their boundaries have a slightly lighter contrast than their interiors. Because the sizes of these subgrain-like structures are smaller than the smallest SAD (Selected Area Diffraction) apertures in the two TEMs used in this study, it was not possible to determine the subgrain orientations. Nevertheless, the diffraction pattern taken on the area suggests that the subgrain-like structures have low-angle grain boundaries. The comparison of the microstructure presented in Fig. 10(a) and (b) implies that irradiation-induced phase reversal is relevant to the initiation of recrystallization. In addition, the local Mo content might also impact the phase-reversal process: the lower the Mo content, the slower the phase reversion. Further detailed composition studies will be conducted to investigate whether irradiation-induced phase reversal gives rise to the initiation of recrystallization.
Aside from the a-U platelets, some dark features were commonly observed at cell boundaries, for example the ones in the center of Fig. 10 (a) and (b). These features are most possibly U 2 Mo, because a-U phase is always accompanied with U 2 Mo in the regions where g-phase decomposes [25, 26] . Energy dispersive X-ray spectroscopy (EDS) analyses performed at the cell/grain boundaries were not definitive enough to confirm whether the features are Mo-rich precipitates or pits created during ion milling. Additional bright-field TEM observations will be carried out to identify the nature of those dark features.
Discussion
Intra-granular gas bubble morphology
It was known that intra-granular gas bubbles that formed in inpile irradiation tend to self-organize in an fcc (face-center-cubic) lattice [17e19]. Miller et al. characterized the fission gas bubble superlattice in U-7Mo dispersion fuels irradiated in the ATR (Advanced Test Reactor) to various fission densities [27] . Their TEM observation showed that the fcc bubble superlattice, coherent with the body-center-cubic (bcc) U-Mo lattice structure, exists in all samples. However, bubble ordering was not observed in this study. The lack of ordering indicates that the irradiation conditions of this experiment were not suitable for gas bubble superlattice formation in terms of dose, damage rate, or temperature. Nevertheless, it is useful to compare irradiation conditions and bubble characteristics between neutron irradiation and ion irradiation in order to understand the formation mechanism of the gas bubble superlattice.
Because fission gas behavior is the subject of interest, fission gas concentration is used as the criteria to establish a proper comparison. For this reason, the sample irradiated to 4.5 Â 10 21 fissions/ cm 3 in reactor from Ref. [27] was compared side by side with the sample irradiated to 2.9 Â 10 17 ions/cm 2 with high-energy Xe ions, mainly because the two samples have similar Xe concentration. The major characteristics of the intra-granular gas bubble in these two samples are listed in Table 2 , as well as the irradiation conditions. Because of the heterogeneity of gas atom distribution along sample depth in the ion irradiation, the averaged values over the bubble formation range (~3e5.5 mm from the surface) are presented in Table 2 . It is shown that the intra-granular bubble size and density measured from the two samples are in a similar order. The ones formed under ion implantation have a slightly larger size and a lower density. The biggest difference uncovered is the ordered versus random intra-granular bubble morphology. Hence, more focus was placed on exploring the possible origins of the failure to form a bubble lattice in the samples irradiated in this study. The phenomenon of bubble self-organization during energetic particle irradiation has been observed in many metal systems in the past [28e30]. However, the collected experimental observations show that the bubble ordering structure was only seen in a small number of samples within a narrow window of irradiation conditions (dose, dose rate, and temperature) [28e30] . A lot of irradiation studies which were performed under supposedly favorable conditions did not report the formation of a bubble lattice. Without a clear understanding of the formation mechanism of bubble superlattices, it is impossible to identify the irradiation parameter that leads to the inability to form a bubble lattice in this experiment. Nevertheless, the possible influences of each irradiation parameter on bubble morphology are explored. Firstly, it was observed that elevated temperature suppressed bubble lattice formation in Mo under ion irradiation [31] . The same situation may be extended to the current experiment. The ion irradiation temperature was 300e350 C, much higher than the temperature of 130 C typical of in-pile irradiations. It is possible that bubble lattice formation is inhibited because of the relatively high temperature. On the other hand, the ion irradiation temperature is still within the reported temperature range for gas bubble lattice formation, which is 0.15T m to 0.35T m [30] (T m is the melting temperature). Therefore, more systematic examinations are required in order to clarify the temperature effect. Secondly, the bubble lattice does not form when gas concentration is too high, evidenced by an earlier experiment of He implantation in Cu conducted by Johnson, Mazey and Diprose [28] . In this experiment bubble ordering was found at the depths shallower or deeper than the peak He concentration position, but not at the peak position. In the U-Mo alloy irradiated in reactor to 4.5 Â 10 21 fissions/cm 3 [27] , only part of bubble superlattice survived in the sample, and the majority was swept out by the formation of sub-grain boundaries. Van den Berghe et al. reported that the bubble superlattice has fully developed in U-7Mo at a fission density of 1.3 Â 10 21 fissions/cm 3 [17] . At this fission density, the estimated gas concentration is 3.3 Â 10 20 1/cm 3 , which is much lower than that in this study (8.7 Â 10 20 1/cm 3 for the lowest-dose sample). Hence, an upper limit of the irradiation dose for bubble lattice formation exists, and the doses obtained in this irradiation may exceed that limit. Finally, the dose rate may have a strong impact on the bubble lattice formation, although it has only a weak effect in void lattice formation [29] . Unlike void ordering, which occurs only at temperatures that allow sufficient vacancy Table 2 Comparison of irradiation conditions and intra-granular bubble characteristics between neutron-and ion-irradiated U-Mo fuels.
ATR reactor irradiation [27] Heavy ion irradiation migration, most bubble lattices were observed at room temperature [29] , where the mobility of vacancies is mainly stimulated by radiation-enhanced diffusivity, and is proportional to fission rate/ dose rate. Therefore, an appropriate dose rate may be important in forming ordered bubbles. In summary, the results observed from the current study are not sufficient to prove any one or a combination of the irradiation parameters inhibits bubble lattice formation.
Radiation-induced phase reversion
The stable form of a U-Mo alloy is a mixture of a-phase uranium and U 2 Mo (often designated as the g 0 phase) at low temperature, and a homogeneous single-phase g-U solid solution above 570 C [26] . The cubic-structure (body centered cubic) g phase is desirable because of its high strength and stability. It was demonstrated that metastable g-phase in U-Mo can be retained at room temperature by suitable quenching [26] . However, heating the metastable gphase over certain period will cause its transformation to a þ g 0 [26] . The a-U precipitates observed in this study resulted from thermally-induced g-phase decomposition that occurred during fuel plate fabrication (500 C for~4 h). Under certain thermal conditions, the extent of decomposition is related to the Mo content in the U-Mo alloy, which was added in order to stabilize the g-U phase. Since the cell boundary areas in a fuel particle normally have a lower Mo content than cell interiors [20, 21] , most of the a-U precipitates observed are located in the prior cell boundary areas.
It has been established that a-transformed U-Mo can revert to the metastable g-phase during neutron irradiation at low temperatures (<200 C) [32, 33] . The phase reversal was explained on the basis of homogenization induced by the high mobility of U and Mo atoms, assuming a displacement [33] or a thermal spike [32] mechanism is operative. All three samples examined in this study show the occurrence of phase reversal, evidenced by the dissolution of a-U particles in Zone B. This result confirms that highenergy heavy ion irradiation is equivalent to neutron irradiation in transforming decomposed a þ g 0 back to the metastable g-phase.
Neutron irradiation results also indicated that the diffusion coefficient of U and Mo atoms within a displacement/thermal spike is proportional to damage rate [33, 34] , the number of displacement/ thermal spikes per unit volume per second. Therefore, the efficiency of phase reversal is dependent on the dpa (displacement per atom) rate, which is a function of dose rate and ion depth. Among the samples irradiated in this experiment, the dose rate of ATLAS2-L was the lowest. Correspondingly, the phase reversal process should be less effective in ATLAS2-L according to the models, which was confirmed by the observation that there were more residual a particles in ATLAS2-L than the other two samples. On the other hand, the fact that a particles only exist at the end of Zone B implies that the dpa rate across the entire ion path was adequate in revoking phase reversal except the tail positions of the ion distribution profile.
Radiation-induced grain subdivision
During in-pile irradiation, a microstructural change termed "recrystallization" was observed in U-Mo alloys irradiated to a fission density >3 Â 10 21 fissions/cm 3 [7, 35, 36] , similar to the "rim effect" or "high burn-up structure (HBS)" found in the radial peripheral region of high burnup UO 2 fuel rods [37] . SEM images of the fracture surface of irradiated U-Mo fuels show that new small grains started to nucleate at prior cell boundaries [35] , accompanied by the formation of a large number of intergranular bubbles. With the increase of fission density, front lines of the sub-microngrain clusters propagated into the interior of the original grain, and eventually the fine grains occupied the entire material. It was believed that fission gas swelling in U-Mo fuel is promoted in this process [7] because of the combined effects of shortened gas diffusion distances to grain boundaries, increased grain boundary area per unit volume, and accelerated intergranular bubble growth rate [38] . Concerning the driving mechanism of recrystallization, there is no experimental evidence or clear theoretical description available currently. Rest presented a theoretical model of recrystallization in U-Mo fuel to describe the process from initiation to completion [38e40]. The model attributes recrystallization to the lattice distortion caused by the formation of a cellular dislocation network during irradiation. This model was originally proposed by Rest and Hofman to explain the recrystallization phenomena in UO 2 [41] and modified to be applicable to U-Mo by adjusting the applicable materials properties.
The apparent microstructural changes after heavy ion bombardment, exhibited in Figs. 3, 9(a) and 10 provide new perspectives on the underlying mechanisms of recrystallization in UMo. The split of the original large cells into small grains delineated with large bubbles in Figs. 3 and 9(a) gives clear evidence of irradiation-induced recrystallization. In Fig. 10 , the concurrency of the dissolution of a-U particles and the formation of subgrain-like structures on prior grain boundaries suggests the possible connection between the two phenomena. This rationality comes from the well-known fact that substantial lattice distortions accompany uranium phase transformation [42] . It is expected that stresses stored in the lattice increased significantly when the lattice atoms were rearranged from one crystal structure to another during irradiation-induced phase reversal. The recrystallization process can therefore occur to release the accumulated stresses through forming a new set of defect-free small grains. This postulation can successfully explain that original grain boundaries are the preferential initiation sites of the recrystallization process, which was not clarified in earlier models. Furthermore, since Fig. 10(b) was taken in a region outside of the Xe bubble formation region, it is suggested that the formation of subgrains in U-Mo does not require the presence of a high concentration of fission products, as suggested by some models used to explain rim effect in UO 2 [37] . Additional characterization and irradiation experiments need to be performed targeted at understanding the progress of recrystallization.
Conclusion
Three distinct zones were observed along the ion traveling direction in U-7Mo in all three U-7Mo/Al dispersion fuel samples irradiated with 84 MeV Xe ions at 350 C to various doses. The microstructural characteristics of each microstructural zone are described as follows. No particular spatial ordering of these nano-size bubbles was detected. Linearly arranged large gas bubbles up to hundreds of nanometers in size formed at the peak position of the Xe distribution profile estimated with SRIM. The morphology of these large bubbles resembles the recrystallized area in in-pile irradiated fuels.
C. The material in the third layer is beyond the Xe deposition range and, therefore, retains the un-irradiated U-7Mo microstructure. The typical microstructure of this region is a g-U grain interior surrounded by a band of dense a-U particles induced by thermal decomposition of the low-Mo-content cell/grain boundary areas during fuel plate fabrication.
The experimental observations acquired in this study and their comparison to the damaged U-Mo microstructures formed in inpile irradiations point to several important findings that helps understand in-pile behavior of the U-Mo fuel. These findings are: (i) Although the irradiation conditions in this experiment cannot yield a gas bubble superlattice as shown in in-pile irradiated fuels, the intra-granular bubble size and density are not far from those measured from a gas bubble superlattice.
(ii) The a-U particles within the Xe-implanted region were reverted to g-U phase by irradiation. This result is the same as what was observed in in-pile irradiation and can be explained on the basis of composition homogenization caused by the high atom mobility within displacement or thermal spikes. (iii) Irradiation-induced recrystallization, observed in the high burnup zones of fuel plates irradiated in reactors, occurred under high-energy, high-dose Xe ion irradiation. The high lattice stresses built up during the irradiation-induced phase reversal is probably the driving force for the small grain formation at cell boundaries. Further detailed composition and grain orientation study will be conducted to verify the connection between irradiation-induced phase reversal and recrystallization in U-Mo alloys.
